Using a strong formulation of lepton-hadron universality, higher order corrections to semileptonic weak processes are related to the high energy behavior of lepton-lepton weak scattering amplitudes. The *'weak cutofP' estimates of N 4 GeV from the observed KL-KS mass difference and -16 GeV from the absence of the decay KL -p+p-are interpreted as upper bounds on the center-of-mass energy at which cross sections for pure leptonic processes deviate significantly from the low energy phenomenological predictions. A phenomenology for describing similar deviations in high energy neutrino-nucleon reactions is developed. A sum rule relating such deviations is derived, as well as estimates of their order of magnitude using the parton model.
I. INTRODUCTION
It cannot be questioned that the structure of weak interactions as we know them today will be modified at high energy. Modifications will certainly be important at center-of-mass energies of about 600 GeV, for which the present lowest order theory would violate unitarity, 192 and it is probable that they are important at considerably lower energies. 3 Most likely, new classes of states, such as intermediate bosons, will be produced at some characteristic centerof-mass energy A, which we may hope is within range of the present generation of accelerators. But in any case, the presence of important modifications at higher energy requires, through the dispersion relations, small modifications of the present picture at lower energy. The purpose of this paper is to study such modifications, mainly to semileptonic weak processes. The method of attack generalizes the approach used in a previous paper, 4 hereafter called I, in which pure lepton-lepton' scattering amplitudes were studied from an S-matrix point of view. Here, as in I, we assume 1. Electromagnetic effects can be neglected.
2. Lepton masses can be neglected.
3. The low energy limit of the lepton-lepton scattering amplitude takes the conventionally assumed charged currentcurrent form.
4. The full amplitudes exhibit the SU(2) symmetry present in the low energy (i. e. , few GeV) region, in which the SU (2) multiplets are (e, p) and ( ve, ZJ~) doublets. In addition, the amplitudes are symmetric under the interchange
As a consequence of these assumptions, it was shown in I that all two-body lepton-lepton scattering amplitudes may be described by three helicity amplitudes, A(s, t), B(s, t), and C(s, t). These amplitudes were parameterized as a double power series in s and t, plus small unitarity corrections, which are easily computed from Mandelstam's iteration method. Thus, for s and t large enough that lepton mass can be neglected, but small enough that the series converges, we may write AW) = a10 Gs + CELL 2 + allG 2 st+ . . . B(s, 4 = P,, Gs + P20W 2 + P,, G2 st + . . . C(s, t) = ylo Gs + Yap 2 + yll G 2 st f . . .
where alo= 2. We have neglected the unitarity corrections in (1.1) because at attainable energies they are quite small. However, the corrections proportional to Q! ij,pij, yij are not necessarily so small. Other than alo, these coefficients are poorly determined from present limits on lepton-lepton processes. \ These amplitudes (1.1) may be represented by an effective Lagrangian of the form
+ 2 n;l,(l-y,)Q k-Gry;;20) This Lagrangian describes many lepton-lepton processes in terms of a small number of parameters. Of course, we have paid for this economy of description with the strong assumption that the SU(2) and discrete symmetries which are -valid in the few GeV region will continue to hold at higher energy.
One may inquire whether the number of parameters can be reduced further.
Since we have only imposed the discrete symmetry v -Q, the effective Lagrangian is not invariant under the full SU(2) associated with the doublets Ce) and (>I * To achieve this SU(2) symmetry, it is necessary to impose the additional con constraints a mn+Ymn= pmn ' (1.3) This, however, will force the existence of large neutral currents and will, in general, lead to trouble when we include hadrons. 5 We will return to this question in the next section.
We now proceed to generalize this description to include the hadrons. The idea is to formulate the concept of lepton-hadron universality sufficiently strongly to allow a direct transcription of the effective Lagrangian (1.2) to include hadronic processes. This is done by observing that the basic elements in that Lagrangian are two infinite towers of local operators of increasing tensor rank, one for electrons, and one for muons:
jr-l=A- The important feature is that no additional parameters are introduced in this generalization.
We shall explicitly write down this effective Lagrangian through second order in G. We begin by writing down the lepton currents
which satisfy the equal-time commutation relations To introduce the hadrons, we begin with the usual Cabibbo current. In the quark mnemonic it is
where n1 has the Cabibbo mixing, n' = n cos 9 c + h sin Bc, and p, n, h are the usual triplet of fractionally charged quarks. Upon postulating that B(x), h~(y~xo~yo satisfies the same algebra as the lepton currents, (1.7) and (1.8), we may define hP and hP 8 3 0' More generally, when we postulate that these four hadronic currents satisfy the same light-cone algebra as the four lepton currents J,, 'P jg, and jg, It is important to observe that in using the quark mnemonic, one implicitly excludes the possibility that hi Ti P' PV' and the rest of the tower are a sum of independent pieces, each of which is isomorphic to the lepton tower. Our results can be greatly modified if this is the case. An important example is the SU (4) structure advocated by Glashow, Iliopoulos, and Maiani. In that scheme, there are two hadron towers, The first contains the Cabibbo current formed tiom ( ",,' , and the second is built from ( ) St! 9 where q is an SU(3) singlet and A' = A cos Bc -n sin ec. This has important implications for the structure of the neutral-current part of the effective Lagrangian, because anywhere an operator of structure ii1 rn' appears, our symmetry assumptions require it to appear in the combination iiTnf + htrhf = iirn + An .
(1.13)
Thus in such a case, the effective Lagrangian contains no AS= 1 neutral-current terms.
The Lagrangian (1.12) generalizes the leptonic effective Lagrangian which neglected lepton mass. In the presence of lepton mass, the effective Lagrangian contains additional terms which destroy its V-A structure and p-e universality.
In the hadronic generalization, there are very likely similar additional terms in the effective Lagrangian as a consequence of chiral and SU (3) symmetry breaking.
While it is important to recognize the possibility of such terms, this problem is beyond the scope of the present paper.
In the rest of this paper, we shall apply the effective Lagrangian (1.12) to semileptonic processes, generally assuming the "quark" light-cone algebra of , Fritsch and Gell-Mann.
In Section II, we study the limits on p,, and yIo from experiment, in particular the decays KL -p'p-, K+ -+ ~+v v and the K-K mass difference. We then study the consequent stringent limits on processes involving AS=0 neutral currents, such as vP +p -vicL + hadrons. By relating PI0 and ylo to high energy lepton-lepton scattering and using the dispersion relations in I, we are able to estimate the "weak cutoff" A. We find A 5 4 -16 GeV. This low cutoff implies a lower bound on the parameter crzo and/or allo
In Section III, we discuss the modification of high energy neukrino processes, both elastic and deep inelastic, which follow from the nonvanishing of a20 and aI1. We derive a sum rule which relates the modifications in deep inelastic neutrino scattering due to the o!2o correction in (1.9) to the equal-time com-
There is a large family of related sum rules which can be obtained from the other equal-time and light-cone commutators. The content of these sum rules can also be obtained simply from parton model estimations, which we present.
II. LlMITS ON THE PARAMETERS cz, p, y
The extension of the formalism of I to include hadrons can lead to much stronger constraints on the theory. The success of the conventional theory for I AQ I = 1 transitions dictates that alo = 4 &, and for these processes we will be interested in the higher order corrections proportional to c"Il and cz20. Upper bounds for p,, and ylo are easily obtained from the experimental upper bounds' ' I0 for the AS=l, aQ=O processes KL--p+~-andK+-7r+v;, respectively, provided the hadron currents satisfy the r7quark11 algebra. The small K -K mass differences provide another, more stringent, upper bound L s on P,,. We will calculate these bounds below and then translate them into an estimate of the cutoff A and a lower bound for 01 2. a.Wor all. Now, in order to maintain Bose symmetry and to isolate the AI= 3 2 conlribution to <KI J+ * J I r>, we consider the amplitude , (2.9) Upon performing an SU(2) rotation, followed by a V-spin rotation, we find, using 
Sum Rules
We now use the dispersion relations stated in I to relate p,, to cross sections for lepton-lepton scattering. The relevant amplitude is for the process v +v -v +v P e P e' which is described by the amplitude B(s, t Notice that this last qualitative conclusion is independent of whether or not (1.1) converges smoothly.
That is, if there are pathologies such that 'YANG A2 -CC al0 and orlIGA 2 << olo, then corrections will be present due to the higher-order terms in (1.1). However, we emphasize again that these estimates all depend crucially on the assumption of the "quark" current algebra. With the SU(4) mechanism of Glashow, Iliopoulos, and Maiani, 5 the neutral currents have no AS= 1 contribution (apart from symmetry-breaking effects neglected throughout this paper), and this entire section becomes null and void. In addition, our estimates rely on the unsubtracted dispersion relation (2.13), an equally hazardous assumption. We now proceed from the effective Lagrangian to the differential cross section, using the method of Lee and Yang 19 and the notation and approximation of Bjorken and Paschos. 20 We work in the laboratory frame and choose the z axis along the direction of the momentum transfer q between lepton system and hadron system. We define n to be
in momentum space. Then the amplitude is
where n is the hadronic final state.
We will be interested in the interference term between hll and T PV ; since hp supports only AJz = 0, kl transitions, only those pieces of TFv possessing AJz = 0, &tl will contribute. We decompose (p+p'), and the lepton current For antineutrino processes, we have a similar formula. Because the lepton current jp and the tensor S PV undergo a relative sign change in crossing from particle to antiparticle, the correction term changes sign: It would be premature at this time to present all these relations in full detail. We choose to confine our attention to the most important sum rule, the analogue of Adler's* We will also consider the parton-model because it embodies the content of the sum rules, is simple, and may perhaps be a useful, relatively parameter-free guide to the order of magnitude to be expected for the corrections 6i.
The Adler sum rule is easily obtained by the method of Fubini, Furlan, and Rossetti. 25 We consider the amplitude (spin-averaged)
Tc"op(q, P) = -i sd4x eiq'x < P IT* K(x) T:@(O)) I P > Now we must relate Im A to the higher order correction terms, 6i and si.
We consider the lepton-nucleon center-of-mass frame and take the energy very large with v and q2 fixed. In this approximation, both nucleon.and lepton have energy 8, the energy of the final lepton is 8 = G, the scattering angle is 8 = 0, and the lepton current is j'(p?,p) = 4#. The differential cross section for UN -p -t-hadrons is then da r2M -=-dQ2dv c 16g4 n I An I 2 64(q+P-Pn) (3.22) where &ln is given by Eq. (3.2). We shall be interested in the higher order contribution to IAnI due to the interference term between the two terms in (3.2), i. e., 6 I dtdn I 2 64(cl+P-pn) where E is the laboratory energy.
The left-hand side of Eq. (3.28) may also be evaluated using (3.8) and It is interesting that the correction term is independent of the parton momentum distributions.
Conclusions
Our major results are 1. The generalization of the hypothesis of lepton-hadron universality in weak interactions as discussed in the introduction.
2. Given universality, the definition of the "weak cutofP'
A in terms of high energy behavior of lepton-lepton total cross sections, and the new estimates of A from the properties of the K system.
3. Introduction of a phenomenology for higher order corrections to weak processes, at present useful for high energy neutrino reactions.
The first two points are at best of theoretical interest, and re-express in perhaps a more general way concepts which are old and widely discussed. If the universality as we have defined it is correct,. and the tower of hadronic current operators we have discussed are those of quarks, then the estimates of the cutoff A are so low that we may expect "locality violations" in v -N processes at accessible laboratory neutrino energies, in the 100 GeV range.
proportional to o!2o and Q! 11 may be of importance.
While the assumption of universality is a very strong one, and the conclusion regarding the low value of A fragile, it still remains very probable that in any case the phenomenological description of the deviations of v-N cross sections from the low energy limit will be very similar to what we have given. Consequently it is of importance to try to bound the magnitude of Q2o and a! 1 1 experimentally;
